Glycogen synthase kinase-3 (GSK-3) is a ubiquitously expressed serine/threonine kinase that is particularly abundant in the CNS. Dysregulation of GSK-3 activity is believed to play a key role in the pathogenesis of CNS chronic disorders such as Alzheimer's disease (AD), bipolar disorder, and Huntington's disease, and of metabolic disorders such as type II diabetes. Accordingly, GSK-3 inhibitors have been postulated as therapeutic tools for these diseases. Interestingly, pathophysiological and pharmacological regulation of GSK-3 is affected by an amplification mechanism that applies both to inhibition and activation. The possibility therefore exists that sustained inhibition or activation might persist after cessation of the initial trigger. Regarding AD, GSK-3 has been shown to accumulate in pretangle neurons. Furthermore, GSK-3 phosphorylates tau in most serine and threonine residues hyperphosphorylated in PHF (paired helical filament)-tau and GSK-3 activity contributes both to ␤-amyloid production and to ␤-amyloid-mediated neuronal death. In good agreement, mice with conditional overexpression of GSK-3 in forebrain neurons (Tet/GSK-3␤ mice) recapitulate aspects of AD neuropathology such as tau hyperphosphorylation, apoptotic neuronal death, and reactive astrocytosis as well as spatial learning deficit. Here, we exploit the conditional system used to generate Tet/GSK-3␤ mice to explore whether the biochemical, histopathological, and behavioral consequences of increased GSK-3 activity are susceptible to revert after restoration of normal GSK-3 levels. Here, we show that transgene shutdown in symptomatic mice leads to normal GSK-3 activity, normal phospho-tau levels, diminished neuronal death, and suppression of the cognitive deficit, thus further supporting the potential of GSK-3 inhibitors for AD therapeutics.
Introduction
Glycogen synthase kinase-3 (GSK-3) is a ubiquitously expressed serine/threonine kinase that is particularly abundant in the CNS (Woodgett, 1990) . GSK-3 is known to participate in multiple signaling pathways coupled to receptors for a variety of signaling molecules such as insulin or wnt among many others (Jope and Johnson, 2004) . GSK-3 phosphorylation substrates include cytoskeletal proteins, transcription factors, and metabolic regulators, thus leading to a prominent role of GSK-3 in cellular architecture, gene expression, and apoptosis among others (Jope and Johnson, 2004) .
Dysregulation of GSK-3 activity is believed to play a key role in the pathogenesis of chronic disorders of the CNS such as Alzheimer's disease (AD), bipolar disorder, and Huntington's disease Jope and Johnson, 2004) , as well as of metabolic disorders such as type II diabetes (Eldar-Finkelman, 2002) . In AD, GSK-3 has been shown to phosphorylate tau in most of the serine and threonine residues that are hyperphosphorylated in paired helical filament (PHF)-tau both in cells (Lovestone et al., 1994) and in vivo (Hong et al., 1997; Munoz-Montano et al., 1997; Spittaels et al., 2000; Lucas et al., 2001) and to accumulate in the cytoplasm of pretangle neurons (Shiurba et al., 1996; Pei et al., 1999) . The GSK-3␤ isoform has been shown to bind presenilin-1 (PS-1) and mutant PS-1 expression increases GSK-3 activity and tau phosphorylation in cells (Takashima et al., 1998; Zhang et al., 1998) . GSK-3 activity has been shown to mediate ␤-amyloid (A␤) production from its precursor APP (amyloid precursor protein) (Sun et al., 2002; Phiel et al., 2003; Ryder et al., 2003) , and A␤-mediated toxicity to cultured neurons depends on increased GSK-3 activity (Takashima et al., 1993 (Takashima et al., , 1996 Busciglio et al., 1995; Ferreira et al., 1997; Alvarez et al., 1999) .
In view of the evidence linking increased GSK-3 activity and AD pathogenesis, GSK-3 inhibitors have been postulated to be a good therapeutic tool for AD. Accordingly, potent and specific GSK-3 inhibitors are currently under development (Cohen and Goedert, 2004) . However, physiological regulation of GSK-3 activity is a complex issue. GSK-3 activity has been shown to be modulated by phosphorylation, subcellular localization, protein complex formation, and priming phosphorylation of substrates. Furthermore, an amplification mechanism that affects both inhi-bition (Jope, 2003; Zhang et al., 2003) and activation (Szatmari et al., 2005) of GSK-3 has been reported. It is, therefore, possible that in vivo sustained inhibitions or activations might persist after cessation of the initial trigger.
We have previously generated mice with forebrain overexpression of GSK-3␤ (Tet/GSK-3␤ mice) that recapitulate many aspects of the neuropathology such as tau hyperphosphorylation, reactive astrocytosis, and neuronal death (Lucas et al., 2001 ) as well as spatial learning deficit (Hernandez et al., 2002) . Because transgene expression in Tet/GSK-3␤ mice is conditional by the use of the Tet-off system, we were able to test whether biochemical, histopathological, and behavioral consequences of elevated GSK-3 are susceptible to revert after restoration of normal GSK-3 activity (as an ideal inhibitor might do). Here, we show that shutdown of GSK-3␤ overexpression leads to normal GSK-3 activity, normal phospho-tau levels, diminished neuronal death, and suppression of the cognitive deficit, thus further supporting the potential of GSK-3 inhibitors in the treatment of AD.
Materials and Methods
Animals. Mice were bred at the Centro de Biología Molecular "Severo Ochoa" animal facility. Mice were housed four per cage with food and water available ad libitum and maintained in a temperature-controlled environment on a 12/12 h light/dark cycle with light onset at 7 A.M. Tet/GSK-3␤ mice were generated as previously described (Lucas et al., 2001) . Briefly, Tet/GSK-3␤ mice result from the breeding of TetO mice (carrying the bidirectional tet responsive promoter followed by GSK-3␤ and ␤-galactosidase cDNAs, one in each direction) with CaMKII␣-tTA mice. The Tet/GSK-3␤ mice overexpress GSK-3␤ in cortical and hippocampal neurons in a conditional manner repressible by the administration of tetracycline or its analog doxycycline.
Doxycycline treatment. Tet/GSK-3␤ and its control littermates were given doxycycline (2 mg/ml; Sigma, St. Louis, MO) in drinking water ad libitum during 6 weeks starting at the age of 4 weeks.
Antibodies. The following anti-tau antibodies were used: PHF-1 (Greenberg et al., 1992; Otvos et al., 1994 ) (a kind gift from Dr. Peter Davies, Albert Einstein College of Medicine, New York, NY), AD2 (BueeScherrer et al., 1996) (Bio-Rad, Hercules, CA), glial fibrillary acidic protein (GFAP) (PharMingen, San Diego, CA), AT-8 (Biernat et al., 1992; Mercken et al., 1992 ) (Innogenetics, Gent, Belgium), cleaved caspase-3 (Cell Signaling Technology, Beverly, MA), anti-GSK-3␣/␤ (Biosource, Camarillo, CA), anti-myc (Developmental Studies Hybridoma Bank, Iowa City, IA), and anti-␤-tubulin (Sigma). According to the residue numbering of the longest human tau isoform of 441 aa, antibody PHF-1 and AD2 can react with tau when serines 396 and 404 are phosphorylated (Buee-Scherrer et al., 1996) , although it has also been reported that the presence of phosphorylated Ser396 in tau protein appears to be sufficient for AD2 recognition and that phosphorylation in Ser404 seems not to play a major role in this binding (Torreilles et al., 2000) and the AT-8 antibody recognizes tau when Ser202 and Thr205 are phosphorylated (Goedert et al., 1995) . The 7.51 antibody recognizes segments of the last two repeats within the microtubule binding domain of tau in a phosphorylation-independent manner (Novak et al., 1991) and detects all soluble tau isoforms in Western blot analysis and unbound tau in immunohistochemical analysis.
Object recognition task. Only male mice were used for this test. Mice were tested at the ages of 4 and 10 weeks (10 -16 mice per group). The object recognition task was performed essentially as described previously (Ennaceur et al., 1997; Woolley et al., 2003) . Briefly, the mice were habituated for 30 min to a plastic box with vertical opaque walls (73 ϫ 33 ϫ 25 cm) on the first day. On the second day, the animals were placed in the same box for 10 min without any object. Then, 2 h later, each mouse was released on the open field for 4 min in the absence of any object. Then, it was removed from the trial cage and placed in its home cage for 1 min. Familiarization trial was then performed for 5 min, allowing them to explore the two identical objects (objects A and B). The two objects were placed along the long axis of the cage, each 7 cm from each cage end. After each exposure, the objects and the cage were wiped with 70% ethanol to eliminate odor clues. Two hours after the familiarization trail, each mouse was released on the open field with one of the old objects (object A) and a new one (object C). The position of object C was the same as object B in the familiarization trail, and the time to recognize them was again 5 min. Animals were considered to show recognition activity when the head of the animal was Ͻ2 cm close to the object. The time (t A and t C ) the animal spent exploring the two objects (objects A and C) was recorded. The memory index (MI), defined as the ratio of the time spent exploring the novel object over the time spent exploring both objects, MI ϭ [t C /(t A ϩ t C )] ϫ 100, was used to measure nonspatial memory. Statistical analysis was performed using Student's t test in those results shown in Figure 1 and by ANOVA followed by a post hoc test in those results shown in Figure 6 .
GSK-3 activity assay. Hippocampal tissue was homogenated in 20 mM HEPES, pH 7.4, 100 mM NaCl, 10 mM NaF, 1 mM VO 4 Na, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, and a mixture of peptidase inhibitors (Roche, Basel, Switzerland). Homogenates were centrifuged at 14,000 ϫ g for 15 min and supernatants were collected for GSK-3 activity assays. The GS1 peptide (YRRAAVPPSPSLSRHSSPHQS*EDEE) containing Ser21 in phosphorylated form was used as substrate (Stambolic and Woodgett, 1994) . Supernatants were incubated at 37°C with 30 M GS1 peptide in the presence of 50 M [␥-
32 P]ATP (DuPont NEN, Boston, MA) in 25 mM Tris, pH 7.5, 1 mM DTT, 10 mM MgCl 2 , and either 10 mM NaCl or 10 mM LiCl. The assays were stopped by spotting aliquots on P81 phosphocellulose paper. Filters were processed as described previously (Moreno et al., 1996) . GSK-3 activity was calculated as the difference between the activity in the presence of 10 mM NaCl and the activity in the presence of 10 mM LiCl. Results correspond to four mice per group and were expressed as a percentage with respect to activity levels in extracts from wild-type mice receiving water. Statistical analysis was determined by ANOVA followed by a post hoc test.
Immunohistochemistry. Mice were anesthetized with a xylazine/ketamine solution and transcardially perfused with 4% paraformaldehyde (PFA) in Sorensen's buffer for 10 min. Brains were postfixed in 4% PFA for 2 h at 4°C and cryoprotected in 30% sucrose solution. Thirtymicrometer sagittal sections were cut on a freezing microtome (Leica, Nussloch, Germany) and collected in 0.1% azide-PBS solution. Next, brain sections were pretreated for 1 h with 1% BSA, 5% FBS, and 0.2% Triton X-100, and then incubated with primary antibodies at the following dilutions: PHF-1 (1/150), anti-GFAP (1/1000), caspase-3 (1/50), anti-Myc (1/10), and 7.51 (1/200). Finally, brain sections were incubated in avidin-biotin complex using the Elite Vectastain kit (Vector Laboratories, Burlingame, CA). Chromogen reactions were performed with diaminobenzidine (Sigma) and 0.003% H 2 O 2 for 10 min. Sections were coverslipped with Fluorosave. Results correspond to six mice per group except for caspase-3 (n ϭ 8) and were expressed as mean Ϯ SEM of the number of immunopositive neurons in dentate gyrus of 30 m hippocampal sagittal sections [matching Fig. 114 of Paxinos and Franklin (2001) ] at 1.56 mm with respect to the midline. Statistical analysis was determined by ANOVA followed by a post hoc test.
Western blot analysis. Brains were quickly dissected on an ice-cold plate. Extracts for Western blot analysis were prepared by homogenizing the brain areas in ice-cold extraction buffer consisting of 20 mM HEPES, pH 7.4, 100 mM NaCl, 20 mM NaF, 1% Triton X-100, 1 mM sodium orthovanadate, 5 mM EDTA, and protease inhibitors (2 mM PMSF, 10 g/ml aprotinin, 10 g/ml leupeptin, and 10 g/ml pepstatin). The samples were homogenized and centrifuged at 15,000 ϫ g for 20 min at 4°C. The resulting supernatant was collected, and protein content was determined by Bradford. Thirty micrograms of total protein were electrophoresed on 10% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane (Schleicher & Schuell, Keene, NH) . The experiments were performed using the following primary monoclonal antibodies: anti-GSK-3␤ (1/1000), PHF-1 (1/200), AD2 (1/2000), AT8 (1/100), and anti-␤-tubulin (1/5000). The filters were incubated with the antibody at 4°C overnight in 5% nonfat dried milk. A secondary goat anti-mouse antibody (1/5000; Invitrogen, San Diego, CA) and ECL detection reagents (Amersham Biosciences, Arlington Heights, IL) were used for immunodetection. Quantification of GSK-3␤, PHF-1, AD2, and AT8 immunore-activities was performed by densitometric scanning. The densitometry values correspond to eight animals per group and were obtained in the linear range of detection with these antibodies. These values were normalized with respect to the values obtained with an anti-␤-tubulin antibody to correct for any deviation in loaded amounts of protein or respect to the values obtained with 7.51 antibody to correct for total tau content. Statistical analysis was determined by ANOVA followed by a post hoc test.
Tubulin assembly assay. Temperature-dependent assembly of tubulin from mouse brain was performed by the procedure of Shelanski et al. (1973) with one polymerization cycle including 20% glycerol (Scheele and Borisy, 1976) . Briefly, hippocampal homogenates was prepared in buffer A (0.5 mM MgCl 2 , 2.0 mM EGTA, 0.1 mM MES-NaOH buffer, pH 6.7) and centrifuged for 1 h at 40,000 ϫ g. The supernatant with a protein concentration of 10 mg/ml was supplemented with 1 mM GTP and 20% glycerol and was incubated for 30 min at 37°C. Polymerized protein was fractionated from unpolymerized protein by centrifugation for 10 min in a Beckman Airfuge at 25°C. The polymerized protein as well as the supernatant was further analyzed by Western blot with the ␤-tubulin antibody. Results correspond to four mice per group and were expressed as mean Ϯ SEM of densitometry values in arbitrary units obtained in the linear range of detection. Statistical analysis was determined by ANOVA followed by a post hoc test.
Results

Six weeks of doxycycline treatment restores normal GSK-3 levels and activity in Tet/GSK-3␤ mice
We have previously shown increased GSK-3 levels and activity in hippocampus of Tet/GSK-3 mice (Lucas et al., 2001; Hernandez et al., 2002) . This results in increased tau phosphorylation, apoptotic neuronal death, and reactive gliosis in hippocampus (Lucas et al., 2001 ) and in a deficit in spatial learning (Hernandez et al., 2002) . As shown in Figure 1 A, the increase in GSK-3 levels and in tau phosphorylation is evident by Western blot by the age of 1 month. Also, in 1-month-old Tet/GSK-3␤ mice, it is possible to detect by immunohistochemistry the expression of Myc-tagged GSK-3, the resulting tau hyperphosphorylation, and an increased number of cleaved caspase-3-positive neurons and reactive astrocytes (Fig. 1 B) . One-month-old Tet/GSK-3␤ mice also showed a learning deficit as evidenced in the object recognition test (Fig.  1C) . In this test, wild-type mice spent significantly more time recognizing the novel object, whereas Tet/GSK-3␤ mice failed to distinguish between the old and new object showing no preference for either object as can be seen by a memory index of ϳ50%.
We then decided to establish the minimal time of transgene silencing by administration of the tetracycline analog doxycycline (2 mg/ml in the drinking water) that would result in full shutdown of transgenic GSK-3␤ expression in Tet/GSK-3␤ mice (Fig. 2) . As shown in Figure 2 A, 4 weeks of doxycycline treatment resulted in ϳ70% decrease in transgenic GSK-3␤ levels. Interestingly, after 6 weeks of doxycycline administration, transgenic GSK-3␤ was no longer detected either by immunohistochemistry with an anti-Myc antibody (Fig. 2 B, C) or by Western blot with an anti-GSK-3 antibody that recognizes both the endogenous GSK-3 isoforms and the transgenic Myc-tagged GSK-3 isoform (Fig. 2 A, D) . For the reversibility studies, we thus decided to treat Tet/GSK-3␤ mice for 6 weeks, and these mice will be hereafter named Gene-OFF Tet/GSK-3␤ mice.
As mentioned above, there is a mechanism for amplification of GSK-3 activation in neurons that may result in increased activity after cessation of the trigger of activation (Szatmari et al., 2005) . We therefore tested whether GSK-3 activity returned to normal levels after full shutdown of transgenic GSK-3 expression. As shown in Figure 2 E, the full shutdown of the GSK-3 transgene obtained after 6 weeks of doxycycline treatment resulted in restoration of normal GSK-3 activity in hippocampal homogenates.
Full reversal of AD-like tau hyperphosphorylation in Gene-OFF Tet/GSK-3␤ mice
We then analyzed the effect of full shutdown of transgene expression on tau phosphorylation (Fig. 3) . We have previously reported that Tet/GSK-3␤ mice show tau hyperphosphorylation at the phosphoepitopes recognized by the PHF-1 and AD2 antibodies (Lucas et al., 2001 ). However, Gene-OFF Tet/GSK-3␤ mice no longer showed increased tau phosphorylation at the PHF-1 epitope (phosphorylated serines 396 and 404) as evidenced by Western blot (Fig. 3 A, B ) and by immunohistochemistry ( Fig.  3C-E) . The hyperphosphorylation detected in the hippocampus of Tet/GSK-3␤ mice with the AD2 antibody, which recognizes an epitope similar to PHF-1 (phosphorylated serine 396), was also reverted in Gene-OFF Tet/GSK-3␤ mice as observed both by Western blot and by immunohistochemistry (Fig. 3 A, B) (data not shown). We also analyzed the AT-8 phosphoepitope (phosphorylated Ser202 and Thr205), an early marker of tau pathology in AD (Maurage et al., 2003) , which is also phosphorylated by GSK-3 (Wang et al., 1998). As shown in Figure 3 , A and B, Gene-ON Tet/GSK-3␤ mice showed an increase in tau phosphorylation at the AT-8 epitope. This AT-8 hyperphosphorylation was reverted to wild-type levels in the Gene-OFF Tet/ GSK-3␤ mice as demonstrated by Western blot and immunohistochemistry (Fig. 3 A, B) (data not shown).
Microtubule binding and stabilization ability of tau are restored in Gene-OFF Tet/GSK-3␤ mice
It is well known that phosphorylated tau has a reduced affinity for microtubules and a reduced ability to promote microtubule assembly (Lindwall and Cole, 1984; Lu and Wood, 1993) . This has also been proven both in in vitro assays and in transfected cells with tau phosphorylated by GSK-3 (Lovestone et al., 1996) . In good agreement, we have previously shown that tau hyperphosphorylation in Tet/GSK-3␤ mice correlates with somatodendritic accumulation of microtubule-unbound tau in hippocampal neurons (Lucas et al., 2001 ). This was evidenced by immunohistochemistry with the 7.51 antibody that recognizes the microtubule binding domain of tau and that, accordingly, detects only unbound tau (Novak et al., 1991) . We therefore decided to test whether somatodendritic accumulation of microtubuleunbound tau in hippocampal neurons of Tet/GSK-3␤ mice was also reversible after restoration of normal GSK-3 levels. For this, we performed immunohistochemistry with the 7.51 antibody on brain sections from Gene-ON and Gene-OFF Tet/GSK-3␤ mice (Fig. 4 A-D,F ) . As previously reported, 7.51-immunopositive neurons were abundant in the dentate gyrus of Gene-ON Tet/ GSK-3␤ mice (fivefold increase with respect to wild-type mice) (Fig. 4 A, B,F ) . Interestingly, Gene-OFF Tet/GSK-3␤ mice showed a number of 7.51-immunopositive neurons similar to that found in wild-type mice (Fig. 4 D, F ) .
We then wondered whether the increase in unbound tau in Tet/GSK-3␤ mice correlates with a reduced ability to promote microtubule assembly and, if so, whether this could be reverted by restoring normal GSK-3 levels. For this, we performed experiments of in vitro polymerization of tubulin with hippocampal homogenates from wild-type, Gene-ON Tet/GSK-3␤, and Gene-OFF Tet/GSK-3␤ mice (Fig. 4 E, G) . After GTP induced polymerization of tubulin from hippocampal homogenates and subsequent centrifugation, the amount of polymerized microtubules was significantly lower in Gene-ON Tet/GSK-3␤ samples compared with wild-type and Gene-OFF Tet/GSK-3␤ ones. This was evident in the total amount of protein in the pellet and confirmed by Western blot with anti-␤-tubulin antibody (35 Ϯ 4% reduction; p Ͻ 0.001) (Fig. 4 E, G) . Reversal of neuronal death and reactive gliosis in the hippocampus of Gene-OFF Tet/GSK-3␤ mice As shown in Figure 1 and in the initial characterization of Tet/ GSK-3␤ mice (Lucas et al., 2001 ), overexpression of GSK-3␤ results in apoptotic neuronal death and reactive astrocytosis in the dentate gyrus of Tet/GSK-3␤ mice. Interestingly, 6 weeks of transgene shutdown resulted in full reversal of the neuronal apoptosis phenotype as evidenced by immunohistochemical detection of cleaved caspase-3 (Fig. 5A-C) . Similarly, the reactive astrocytosis observed in Gene-ON Tet/GSK-3␤ mice fully reverted in the doxycycline-treated (Gene-OFF) Tet/ GSK-3␤ mice as shown by immunohistochemistry performed with an antibody raised against GFAP (Fig. 5D-F ) .
Rescue of spatial memory impairment in Gene-OFF Tet/GSK-3␤ mice Apart from the above-described cellular and biochemical alterations attributable to hippocampal overexpression of GSK-3␤, Tet/GSK-3␤ mice also show spatial memory deficit in the Morris water maze test (Lucas et al., 2001) and in the object recognition test (Fig. 1 C) . To determine whether restoration of normal GSK-3 activity also reverts the spatial memory deficit, we performed the object recognition test with Gene-ON and Gene-OFF Tet/ GSK-3␤ mice as well as with wild-type mice with equivalent water or doxycycline paradigms. As shown in Figure 6 , the doxycycline treatment did not affect the performance of wild-type mice. However, it significantly improved the performance of Gene-OFF Tet/GSK-3␤ mice, thus rendering them indistinguishable from their control wild-type littermates.
Discussion
Neuronal dysregulation of GSK-3 has been proposed to be a key mediator of AD pathogenesis . Here, by using the conditional mouse model Tet/ GSK-3␤ (Lucas et al., 2001) , we show that tau hyperphosphorylation, apoptotic neuronal death, and cognitive deficit attributable to increased hippocampal GSK-3 activity can be completely reverted by the restoration of normal GSK-3 activity by silencing of transgene expression.
Dysregulation of GSK-3 has been linked to several prevalent pathological conditions apart from AD. These include diabetes and/or insulin resistance (EldarFinkelman, 2002) , muscle hypertrophy (Hardt and Sadoshima, 2002) , cancer (Manoukian and Woodgett, 2002) , bipolar mood disorder (Klein and Melton, 1996) , schizophrenia (Kozlovsky et al., 2002) , and other neurodegenerative diseases like Huntington's disease (Carmichael et al., 2002; Berger et al., 2005) and frontotemporal dementia with parkinsonism linked to chromosome 17 (Engel et al., 2005) . Therefore, the data reported here on reversibility of alterations secondary to increased GSK-3 activity may have implications in many disease conditions other than AD.
The ability to silence transgene expression in adult symptomatic Tet/GSK-3␤ mice can be very useful when testing the new and selective GSK-3 inhibitors that pharmaceutical companies are currently developing in view of the increasing evidence supporting the GSK-3 deregulation in AD and other mentioned chronic conditions (Cross et al., 2001; Eldar-Finkelman, 2002; Martinez et al., 2002; Bhat et al., 2004; Cohen and Goedert, 2004) . In this regard, the efficacy of different concentrations of GSK-3 inhibitors given to Tet/GSK-3␤ mice can be compared with the restoration of normal GSK-3 levels and activity achieved by giving the tetracycline analog doxycycline to the mice.
Aberrant intraneuronal protein deposits are a common feature for many neurodegenerative diseases such as tauopathies, Parkinson's disease, and Huntington's disease. Whether these inclusion bodies are a common pathogenic mechanism for all of these diseases (Price et al., 1998; Tobin and Signer, 2000) or a defense mechanism as recently proposed for the intracellular aggregates in Huntington's disease (Arrasate et al., 2004 ) is still a matter of debate. In this regard, we have previously shown in a similar conditional mouse model of Huntington's disease that non-amyloid-like inclusions are fully reversible and that motor symptoms are susceptible to revert both in early stages (Yamamoto et al., 2000) and also late in the course after detectable neuronal death and after formation of irreversible amyloid-like inclusions (Diaz-Hernandez et al., 2005) . The fact that the Tet/GSK-3␤ mice show neuropathology and cognitive impairment without the formation of tau filaments (Hernandez et al., 2002) also argues against tau aggregates as a key pathogenic agent. Because here we found reversible somatodendritic accumulation of unbound tau and decreased microtubule stabilization capacity in Tet/GSK-3␤ mice, it seems that destabilization of microtubules might be responsible for the AD-like phenotype in the absence of tau aggregation. In good agreement, it has been recently shown in mice that conditionally overexpress FTDP-17 human mutant tau P301L (Santacruz et al., 2005 ) that brain weight loss and cognitive deficit depend on transgene expression but not on tau filament formation, because these mice recovered spatial memory when silencing transgene expression but did not prevent the development of neurofibrillary tangles.
Regardless of the controversial role of aberrant proteinaceous aggregates in neurodegenerative diseases, because increased GSK-3 activity has been postulated in AD and related tauopathies, our here reported reversal of neuropathology and learning deficit after restoration of normal GSK-3 levels and activity strongly supports the notion that GSK-3 inhibitors might be useful for reversing AD neuropathology and symptoms. In this regard, it has been reported that administration of pharmacological GSK-3 inhibitors to mouse models of tauopathy results not only in decreased tau aggregation (Perez et al., 2003; Noble et al., 2005) but also in decreased neurodegeneration (Noble et al., 2005) .
It has been reported previously that GSK-3␤ engages in a positive feedback loop with protein phosphatase 1 (PP1) (Jope, 2003; Zhang et al., 2003) . This takes place through GSK-3␤-mediated increase in PP1 I2 (inhibitor 2) phosphorylation, PP1 activation, PP1-mediated dephosphorylation of GSK-3␤ at the Ser9 inhibitory phospho-residue, and additional activation of GSK-3␤. Inhibition of GSK-3 by a long treatment with a low dose of the nonselective GSK-3 inhibitor lithium (below the K i for inhibition) is supposed to occur through this amplification loop (Jope, 2003; Zhang et al., 2003) . More recently, this positive forward loop has also been demonstrated to amplify activation of GSK-3 on stimulation of N2R-NMDA receptors in cultured neurons (Szatmari et al., 2005) . We wondered whether chronic activation of GSK-3 in Tet/GSK-3␤ mice might activate this loop to a level that would maintain GSK-3 activity elevated regardless of restoration of normal GSK-3 levels. Because 6 weeks of transgene shutdown results in normal GSK-3 levels and activity, it seems that the amplification loop does not continue working after cessation of its trigger.
In summary, the data presented here strongly support the notion that GSK-3 is a good therapeutic target for AD and suggest that Tet/GSK-3␤ mice can be a useful tool to evaluate the efficacy of selective inhibitors that are currently under development by monitoring their effects in parallel to restoration of normal GSK-3 levels and activity by transgene shutdown. 
